Potent neurotoxicity is associated with both apolipoprotein E (apoE)-related synthetic peptides and the 22 kDa N-terminal thrombin-cleavage fragment of apoE. Furthermore, the E4 isoform of the 22 kDa fragment is significantly more toxic than the same fragment derived from the E3 isoform, suggesting the possibility of a direct role of apoE-associated neurotoxicity in the pathophysiology of Alzheimer's disease. In the present study, the potential role of cell surface receptors in mediating neurotoxicity was assessed by using a variety of agents that should block the heparinbinding and receptor-binding activity of apoE. Effective inhibitors of neurotoxicity of both the apoE peptides and the apoE fragment include heparin, heparan sulfate, sodium chlorate and heparinase, the low-density lipoprotein (LDL) receptor-related protein receptorassociated protein, and a polyclonal anti-LDL receptor-related protein antibody. These results suggest that the neurotoxicity of the 22 kDa thrombin cleavage fragment of apoE and related peptides is receptor-mediated, and that the most likely candidate receptor is a heparan sulfate proteoglycan-LDL receptor-related protein complex.
Apolipoprotein E (apoE) has been implicated in the pathogenesis of late-onset Alzheimer's disease (AD) by several lines of evidence. Perhaps the most compelling finding is the association between inheritance of the allele for the E4 isoform and the increased risk (4.5-fold greater), and earlier age of onset (16 years earlier on average), of the disease (Corder et al., 1993; Saunders et al., 1993a,b; Strittmatter et al., 1993a) . Although several hypotheses have been proposed to account for the isoform-specific association of apoE with AD, none has yet gained sufficient support to provide a clear explanation of how apoE contributes to the pathology.
Based on the demonstration that apoE synthetic peptides exhibit cytotoxicity (C lay et al., 1995) and cause neurite degeneration (Crutcher et al., 1994) , apoE has been suggested to play a direct role in AD pathogenesis by contributing directly to neurodegenerative events. This hypothesis has gained additional support from the recent finding that a 22 kDa thrombin cleavage fragment of apoE, which may be analogous to a similar fragment found in brain and C SF, exhibits neurotoxicity and that the E4-derived fragment is significantly more toxic than the E3-derived fragment (Marques et al., 1996) . Furthermore, apoE4 has been shown to exhibit greater neurotoxicity than apoE3 . However, the mechanism underlying these toxic effects, including the question of whether the effects are mediated by specific receptors, is unknown. The cytotoxic apoE peptides and the 22 kDa thrombin fragment include residues 141-155, which reside within the receptor-binding region of apoE (residues 140 -160) Weisgraber et al., 1983; Lalazar et al., 1988) , as well as the overlapping high-affinity heparin-binding region (residues 142-147) (Weisgraber et al., 1986) , suggesting that these regions are important for cytotoxicity (Clay et al., 1995) . The present investigation was performed to determine whether any of the cell surface molecules that have been shown previously to mediate the uptake of apoE lipoproteins are implicated in the neurotoxicity of the synthetic peptides or N-terminal thrombin-cleavage fragment of apoE. The results demonstrate that these neurotoxic effects are specific and likely involve interaction with heparan sulfate (HS) proteoglycans (HSPGs) and a receptor that is the same as, or very similar to, the low-density lipoprotein (LDL) receptor-related protein (LRP).
MATERIALS AND METHODS
Cell death assay. Embryonic day 9 (E9) chick lumbar sympathetic ganglia, E7 chick cortical tissue, or E19 rat hippocampal tissue were procured and dissected in Ham's F12 medium (Sigma, St. L ouis, MO). The tissue was dissociated by initial incubation with 0.25% trypsin (Sigma) for 15 min at 37°C. After incubation with 100% fetal calf serum for 5 min to end trypsinization, the tissue was washed two times in F12 medium, transferred to Neurobasal medium (Life Technologies, Gaithersburg, MD), and dissociated by trituration with a flamed Pasteur pipette. Dissociated cells were then plated onto poly-DL-ornithine-coated 96-well plates and incubated in a humidified environment with 5% C O 2 /95% O 2 in Neurobasal medium overnight. This procedure yielded ϳ95%-pure cultures of chick sympathetic neurons and 75%-pure cultures of chick cortical neurons as determined by neurofilament immunocytochemistry (our unpublished observations).
On the following day, dissociated chick sympathetic cultures were transferred to F12 medium supplemented with 20 nM progesterone, 100 M putrescine, 30 nM selenium, 100 g /ml human transferrin, 1% penicillin /streptomycin, and 5 g /ml bovine insulin. Sympathetic neurons were exposed to the apoE peptides or 22 kDa fragment and potential inhibitors diluted in the supplemented F12 medium. Dissociated chick cortical neurons and dissociated rat hippocampal neurons were maintained in Neurobasal medium for all treatments and also cultured for 20 hr before being used for toxicity experiments. E xperiments in which the ability of various agents to block neurotoxicity of apoE peptides or the 22 kDa apoE fragment were performed by treating the cultures with one of the following before addition of the peptides or fragments: heparin (catalog #H3393, Sigma), HS (catalog #H5393, Sigma), a combination of sodium chlorate (Sigma) and heparinase I (catalog #H2519, Sigma), LRP receptor-associated protein (R AP), 30 g /ml each of affinitypurified rabbit polyclonal anti-LRP antibody or monoclonal anti-apoA1 antibodies (de Silva et al., 1990) .
The proportion of living cells remaining after overnight incubation with the experimental treatments was determined by incubating the cultures with a vital dye (5-carboxyfluorescein diacetate, acetoxymethyl ester, Molecular Probes, Eugene, OR) for 30 -45 min at 37°C. The vital dye was removed, and fresh unsupplemented F12 medium was added to the cultures. The center of each well was visualized under fluorescent illumination (using a fluorescein filter) using the 4ϫ objective of a Nikon Diaphot fluorescence microscope. A field covering ϳ15% (2.7 ϫ 2.1 mm) of the total area of the well was captured with a video camera linked to a Macintosh IIf x computer equipped with a Data Translation framegrabber card and running Image 1.57 software (National Institutes of Health). Images were captured from four to eight wells per treatment, thresholded, and converted into a binary file, and the number of stained cells was counted by the computer.
Propidium iodide (Sigma), a fluorescent stain for nucleic acids used previously for quantification of cell death (Juurlink et al., 1993; Keilhoff et al., 1993) , was used to independently confirm the sensitivity of the vital dye method. Cultures were stained with 50 g /ml propidium iodide for 5 min, and the images were captured under fluorescent illumination using a rhodamine filter. Treatment of cultures with synthetic apoE peptides resulted in extensive cell death as determined by propidium iodide staining. However, the vital dye staining method appeared to be more sensitive than the propidium iodide method and was used for all of the experiments reported here. Each data point in the figures represents the average number of cells from four to eight wells per treatment. E xperimental results were replicated in at least two subsequent experiments. Statistical comparisons between groups of measurements were made using ANOVA and, where appropriate, a two-tailed, unpaired Student's t test adjusted appropriately for multiple comparisons.
ApoE peptides. Studies were performed with a series of peptides that have been shown previously to have cytotoxic effects as well as several control peptides. Toxic peptides used for these studies included the two tandem peptides E (141) (142) (143) (144) (145) (146) (147) (148) (149) 2 (consisting of a duplicated sequence of apoE amino acids 141 through 149) and E (141) (142) (143) (144) (145) (146) (147) (148) (149) (150) (151) (152) (153) (154) (155) 2 (duplicated sequence of apoE amino acids 141 through 155). Additional studies were performed with E 130 -169 and E 263-286 , the former exhibiting neurotoxic activity but the latter, from the C -terminal region of apoE, showing no toxicity. The monomeric sequence of peptide E 141-149 , previously shown to lack the appropriate secondary structure of the receptorbinding domain (C lay et al., 1995) , was also found not to be toxic. Bovine serum albumin (BSA) was used in some experiments to control for nonspecific protein effects.
Binding of ApoE peptides to the heparin agarose beads. The affinity of various apoE peptides for heparin was determined by incubating 20 g of each peptide, diluted in 1 ml of 0.137 M NaC l-0.05 M Tris buffer, pH 7.4 (TBS), with 20 l of heparin-agarose beads (Sigma) that were prewashed with TBS. After incubation overnight at 4°C, the following washing operation was repeated three times: the beads in all solutions were allowed to sediment by gravitational force, the supernatant was discarded, and the pellets were resuspended with 1 ml of TBS. The peptides were recovered by SDS-Laemmli sample buffer and loaded onto a Tristricine SDS-PAGE under reducing conditions (Schagger et al., 1987) . Proteins were subsequently visualized by Coomassie blue staining.
Preparation of recombinant R A P. Recombinant R AP was prepared based on human placental R AP cDNA as described previously . Briefly, R AP cDNA was cloned into pGEX2T vector (Pharmacia, Piscataway, NJ) designed to produce a protein f usion of the insert-encoded protein and glutathione S-transferase from Schistosoma japonicum. The construct also contains a thrombin cleavage site, which permits the release of R AP. The expression vector was subsequently transformed into the DH5␣FЈ strain of Escherichia coli. The f usion protein was purified from other proteins contained in the bacterial lysate on a glutathione S-transferase (GST) affinity column (Herz et al., 1991) . After purification, the GST was removed by digestion with thrombin (C albiochem, La Jolla, CA), and GST was removed by passing the digestion mix once again over the GST affinity column.
P urification of the 22 kDa apoE f ragment. Transfected H EK cells were cultured as described previously (LaDu et al., 1994) . The apoE was concentrated from conditioned medium by ultrafiltration (10 kDa cut-off membrane, Amicon, Beverly, M A) followed by heparin column chromatography (heparin-coupled agarose beads, Sigma) and subsequent elution with a linear salt concentration. ApoE was then purified using H PLC gel filtration chromatography (BIO SEC, Sigma) and dialyzed against 0.1 M NH 4 HC O 3 before being concentrated with C entricon 10 (Amicon). The purified apoE was then digested with thrombin (1% wt / wt) in 0.1 M NH 4 HC O 3 for 24 hr and loaded onto a DEAE-5PW H PLC column, 7.5 cm ϫ 7.5 mm (Supelco, Bellefonte, PA). The running buffer was 20 mM Tris, pH 7.5, and the elution buffer was 20 mM Tris with 0.5 M NaC l, pH 7.5. The protein solution was loaded using a 60 min gradient program with a 1 ml/min flow rate beginning with the running buffer. The elution buffer concentration was increased at 1%/min for the first 40 min, then up to 100% from 40 to 47 min and held for an additional 1 min. Finally, the elution buffer concentration was brought down to 0% from 48 to 50 min where it was maintained for an additional 10 min. The 22 kDa fragment, which eluted at 26 min, was concentrated in 0.1 M NH 4 HC O 3 using C entricon 10. Protein concentration was measured by a Bradford protein assay (Bio-Rad, Hercules, CA) that was found previously to match the protein concentration as determined by amino acid analysis (Marques et al., 1996) . After lyophilization, the fragment was stored at Ϫ20°C.
RESULTS

Synthetic apoE peptides cause dose-dependent neuronal cell death
Cytotoxicity of apoE peptides has been demonstrated previously with lymphocyte cultures (Clay et al., 1995) . Neuritedegenerative effects of these peptides were subsequently demonstrated with explant cultures of chick sympathetic neurons (Crutcher et al., 1994) . Although the explant assay is sensitive to changes in neurite morphology, it is not suitable for quantifying cell death. Therefore, initial experiments were performed to determine whether the apoE peptides would also result in the death of dissociated neurons in culture. Synthetic peptides, prepared as described previously (Clay et al., 1995) , were added to dissociated embryonic chick sympathetic neurons that had been in culture for 24 hr. The cells were exposed for 20 hr to different concentrations of each of three toxic apoE peptides, E (141-149) 2 , E (141-155) 2 , or E 130 -169 , or to peptides that have been found previously to be inactive in other assays. The extent of cell death was then determined by staining with the carboxyfluorescein vital dye, which stains only cells with an intact membrane (Fig. 1) .
All three peptides incorporating the receptor-binding domain were found to cause dose-dependent neuronal cell death (Fig.  2 A) . The control peptides and BSA did not show any toxicity when applied to chick sympathetic neurons (data not shown). The toxic peptides resulted in neurite degeneration (Fig. 1C) , similar to that observed with explant cultures of sympathetic neurons (Crutcher et al., 1994) , in addition to swelling of the cell body. The half-maximal effective concentrations for causing neuronal death, ranging from 1-4 M, were similar to the concentrations found to be effective previously in causing degeneration of sympathetic neurites (Crutcher et al., 1994) . Therefore, this range of peptide concentrations was used in subsequent studies aimed at blocking the neurotoxic effects.
To determine whether other neuronal populations are susceptible to the neurotoxic effects of the apoE peptides, additional experiments were performed with dissociated cultures of embryonic chick cortical neurons or fetal rat hippocampal neurons exposed to peptide E (141-149) 2 . As shown in Figure 2 B, this peptide caused dose-dependent death of both neuronal cell types with a potency similar to that observed with cultures of sympathetic neurons.
The time course of the apoE peptide-induced cell death was examined in chick sympathetic neurons. Cultures were exposed to 4 M peptide E (141-149) 2 for up to 24 hr, and the number of surviving cells was determined by vital dye staining. Exposure of the cells to the apoE peptide for 20 hr resulted in death of ϳ75% of the cells (Fig. 3) .
Neurotoxicity involves a heparin-binding site
Only peptides that include the receptor-binding domain of apoE and the overlapping N-terminal heparin-binding site are toxic 2 (C, D) or 8 M peptide in the presence of 30 g/ml polyclonal anti-LRP antibody (E, F ). Vehicle treatment did not result in cell death. However, exposure to the peptide led to swelling of cell bodies (C, arrowheads), beading of neurites (C, arrow), and extensive cell death ( D). The few cells that survived at this time point appeared to be swollen (D, arrowhead) . The anti-LRP antibody protected the cells against the toxic effects of the peptide (E, F ). Scale bar, 100 m. (Crutcher et al., 1994; C lay et al., 1995) . In previous work, heparin was found to block the toxicity of apoE peptides when tested with lymphocytes (C lay et al., 1995) . To determine whether f unctional heparin binding may also be critical in mediating neurotoxicity, E (141-149) 2 , E (141-155) 2 , E 130 -169 , the control peptide E 263-286 , or BSA was tested for heparin-binding activity. All tested peptides were incubated with heparin-agarose beads, washed, recovered from the beads by SDS-Laemmli sample buffer, and then loaded onto a Tris-tricine gel under reducing conditions. Coomassie blue staining of the gel, shown in Figure 4 , revealed that only those apoE peptides that include the heparinbinding domain and exhibit neurotoxicity were recovered from the buffer. The E (141) (142) (143) (144) (145) (146) (147) (148) (149) 2 peptide showed a high tendency to aggregate with prolonged incubation in the TBS buffer and gave rise to a smear above the expected molecular weight.
To determine whether blockade of the heparin-binding region would also block the neurotoxic effects of the peptides, saturation of the heparin-binding region was attempted by preincubating the peptides for 10 min with either heparin or HS. Both agents completely abolished the neurotoxic effects of the apoE peptides in a dose-dependent manner when tested with either embryonic chick sympathetic or cortical neurons. Figure 5 shows the dosedependent blockade of the neurotoxicity of peptide E (141) (142) (143) (144) (145) (146) (147) (148) (149) 2 by HS. Heparin showed similar effectiveness (data not shown). Complete abolition of toxicity of all peptides was achieved with an HS concentration of 1 M.
Pretreatment with sodium chlorate and heparinase blocks neurotoxicity
To determine whether the neurotoxicity of apoE peptides requires interaction with HSPGs, cultures of dissociated sympathetic neurons were pretreated simultaneously with heparinase I, which degrades the glycosaminoglycan moiety of HSPGs, and sodium chlorate, which prevents sulfation of newly synthesized glycosaminoglycans (Ji et al., 1993; Nathan et al., 1995) . These agents have been shown previously to inhibit internalization of apoE-containing lipoproteins by interfering with the synthesis of, or by degrading, HSPGs. C ells were preincubated overnight with 20 mM sodium chlorate and with increasing concentrations of heparinase I. C ell viability was assessed after 20 hr of exposure to 2 M peptide E (141-149) 2 . Significant protection was achieved with 16 U/ml heparinase I (Fig. 6) , suggesting that PGs play some role in mediating the neurotoxic effects of the peptides.
RAP, which blocks ligand interaction with the LDL family of receptors, prevents neurotoxicity
The R AP is a 39 kDa protein co-purified with LRP that prevents binding of all known LRP ligands (Herz et al., 1991; Willnow et al., 1995) and also of several ligands that bind to the other members of the LDL receptor family, such as gp330 and very low density lipoprotein (VLDL) receptors (Kounnas et al., 1992b; Medh et al., 1995) . To determine whether the apoE peptidemediated neurotoxicity might be mediated by receptors within the LDL family, the toxicity of the peptides was tested in the presence of recombinant human RAP. Sympathetic neurons were preincubated with RAP for 1 hr followed by exposure to peptide E (141-149) 2 or peptide E 130 -169 . This RAP preparation protected the neurons against toxicity of both peptides (Fig. 7) in a dosedependent manner with a half-maximal effective concentration of 100 nM, indicating that one of the members of the LDL receptor family is involved in the neurotoxic effects.
Neurotoxicity is blocked by anti-LRP antibodies
To obtain additional information on which member of the LDL receptor family might mediate apoE peptide toxicity, a polyclonal antibody raised against LRP was tested for its ability to block neurotoxicity. Cultures were incubated for 2 hr with 30 g/ml either polyclonal anti-LRP or a control monoclonal antibody raised against apolipoprotein A1. After incubation with the antibodies, neurons were exposed to 2 M peptide E (141) (142) (143) (144) (145) (146) (147) (148) (149) 2 for 20 hr. Cultures preincubated with the control anti-apoA1 antibodies showed the same extent of neuronal cell death as cultures exposed to the peptide in the absence of antibody treatment. However, cultures treated with the anti-LRP antibody were completely protected from the toxic effects of the peptide (Figs. 1, 8 ). This result suggests that LRP is the most likely member of the LDL receptor family mediating the neurotoxic effects of the peptides.
RAP and anti-LRP also block the toxicity of the 22 kDa fragment of apoE
Recent evidence suggests that the N-terminal 22 kDa thrombincleavage fragment of apoE is present in the human brain and exhibits neurotoxicity. In addition, the E4 fragment is significantly more toxic than the E3 fragment (Marques et al., 1996) . To determine whether the mechanism of toxicity of this naturally occurring fragment is similar to that of the synthetic apoE peptides, the E4-derived 22 kDa fragment was applied to sympathetic neuronal cultures at a previously determined half-maximal toxic concentration of 250 nM (Marques et al., 1996) in the presence or absence of R AP or anti-LRP antibodies. Significant neuronal death occurred in cultures exposed to the 22 kDa fragment. However, both 1 M R AP and 30 g/ml anti-LRP polyclonal antibody provided significant protection (Fig. 9) , suggesting that neurotoxicity of the 22 kDa fragment is likely to be mediated by the same receptor complex as that caused by the synthetic peptides.
DISCUSSION
Although apoE has been shown to play an important role in lipid transport and uptake, there is evidence that it has other functions. Studies of the immunosuppressive effects of apoE led to the discovery that peptides derived from the receptor-binding domain that show strong LDL receptor-binding activity ) also have potent anti-proliferative and cytotoxic effects on T lymphocytes (C lay et al., 1995) . Neuritotoxic effects of the same peptides were discovered subsequently (Crutcher et al., 1994) , followed by the demonstration that a naturally occurring fragment of apoE exhibits neurotoxicity with the E4-derived fragment being more toxic than the E3-derived fragment (Marques et al., 1996) . However, previous studies have not addressed whether the neurotoxicity involves specific interactions with the cell. The present results suggest that synthetic apoE peptides and the 22 kDa fragment exert neurotoxic effects via receptors of the LDL family, most probably LRP.
Synthetic apoE-related peptides were found to be toxic when tested in various neuronal cultures, including primary cultures of chick sympathetic and cortical neurons, and fetal rat hippocampal neurons. These results suggest that several neuronal populations are susceptible to such toxicity, at least under the in vitro conditions used here. ApoE peptides were also found to be toxic when tested with both undifferentiated and NGF-differentiated PC12 cells (data not shown). However, these peptides are not toxic to all cells. For example, high concentrations of peptide E (141-155) 2 failed to cause lysis of erythrocytes (Clay et al., 1995) , and non-neuronal cells within cultures of sympathetic explants appear to be relatively resistant (Crutcher et al., 1994) , suggesting that toxicity involves specific interaction of the apoE peptides with the cell membrane.
The search for likely receptors mediating apoE peptide effects on neurons began with candidate receptors identified in other cell types. Several structurally related cell surface receptors of the LDL receptor family mediate the internalization of apoEcontaining lipoproteins. In addition to the LDL receptor (Yamamoto et al., 1984) , this family includes LRP, also known as the ␣2-macroglobulin receptor (Herz et al., 1988; Beisiegel et al., 1989) , epithelial glycoprotein gp330 (Raychowdhury et al., 1989; Willnow et al., 1992) , the VLDL receptor (Takahasi et al., 1992) , and two recently described receptors, apoE receptor 2 (apoER2) (Kim et al., 1996) and LR8B (Novak et al., 1996) .
Each of the known apoE receptors is found on distinct CNS cell populations. The LDL receptor, for example, is localized primarily to astrocytes and the neuropil (Pitas et al., 1987; Swanson et al., 1988; Rebeck et al., 1993) but does not appear to be expressed by neurons. LRP, which was originally cloned from human cells (Herz et al., 1988) , but includes highly homologous receptors in the chicken and Caenorhabditis elegans (Yochem et al., 1993) , is widely expressed by neurons (Moestrup et al., 1992; Wolf et al., 1992; Rebeck et al., 1993; Bu et al., 1994; Ishiguro et al., 1995) . The V LDL receptor is expressed by microglia and some cortical pyramidal neurons (Okuizumi et al., 1995; Christie et al., 1996) , but gp330 is only expressed by ependymal cells (Z heng et al., 1994 ). ApoER2 appears to be expressed highly in the brain, as shown by in situ hybridization (K im et al., 1996) . LR8B receptor expression is highly restricted to the brain but expression in specific cell types has not yet been determined (Novak et al., 1996) .
The 39 kDa LDL R AP co-purifies with LRP and is thought to play a role as a chaperone protein for newly synthesized receptors (Willnow et al., 1996) . It has been found to regulate ligand binding to most members of the LDL receptor family (Strickland et al., 1990; Herz et al., 1991; Williams et al., 1992) , a property that has made it a usef ul tool for examining ligand interactions with this receptor family. The mechanism of blockade is not completely known but may involve conformational changes in the receptor, thereby reducing its affinity for other ligands . The fact that R AP blocks the neurotoxic effects of the peptides and the 22 kDa fragment strongly suggests that a member of the LDL receptor family participates in the neurotoxic effects. The LDL receptor itself can be excluded based on the fact that the E 130 -169 peptide, which has low LDL receptor-binding activity (Dyer et al., 1995) , shows significant neurotoxicity.
Perhaps the strongest piece of evidence for an LRP-like receptor mediating the neurotoxicity is the ability of antibodies raised against LRP to block such effects. This antibody does not block ligand interaction with other known members of the LDL receptor family (Chappell et al., 1992; Kounnas et al., 1992a) . Although the polyclonal anti-LRP antibodies used in this study were raised against the human receptor, and their interaction with the chicken receptor has not been determined, chicken LRP has been reported to cross-react with polyclonal antibodies against human LRP . In addition, the sequence homology between human and chicken LRP is high (83% identity, where ϳ50% of the differences are conservative substitutions), and the features of the protein are conserved, e.g., the cysteine residues within the ligand-binding domain align perfectly . This structural similarity leads to similar affinity for ligands (Stifani et al., 1989) and suggests that the chicken LRP is comparable to the human LRP.
Other evidence consistent with a role for LRP includes the fact that LRP is highly expressed in neurons, as noted above. For example, immunohistochemical studies have demonstrated LRP expression in hippocampal pyramidal neurons, granule cells of the dentate gyrus, and throughout the neuropil (Moestrup et al., 1992; Wolf et al., 1992; Rebeck et al., 1993; Bu et al., 1994; Ishiguro et al., 1995; Tooyama et al., 1995) . Furthermore, previous studies have implicated LRP in mediating the effects of apoE on neurite outgrowth Holtzman et al., 1995) . However, in contrast to the present results, apoE effects on neurite outgrowth were reported to require the presence of exogenous ␤-VLDL lipoproteins (Nathan et al., 1994; Holtzman et al., 1995) .
Although the present results implicate LRP's involvement in the toxicity of apoE peptides, the fact that heparin, HS, and the combination of heparinase and sodium chlorate all protect against apoE peptide neurotoxicity also implicates cell surface PGs in this phenomenon. These results, together with the heparin-binding activity of the apoE peptides, are consistent with previous studies demonstrating that many ligands interact with LRP through an HSPG-receptor complex Mikhailenko et al., 1995) and the fact that the toxic peptides and 22 kDa peptide include one of the two heparin-binding domains of apoE. They also indicate that the heparin-binding site is functional, a conclusion that is consistent with earlier results in which heparin was found to block toxic effects of apoE peptides on lymphocytes (Clay et al., 1995) .
ApoE4 is a risk factor for late-onset AD. Several hypotheses regarding the role of apoE in the pathogenesis of AD have been proposed, but none has been established with certainty (Handelmann et al., 1992; Rebeck et al., 1993; Strittmatter et al., 1993a Strittmatter et al., ,b, 1994 Huang et al., 1994; Nathan et al., 1994; Wisniewski et al., 1994; Genis et al., 1995; Guillaume et al., 1995; Masliah et al., 1995; Nathan et al., 1995) . These hypotheses rest on the assumption that apoE plays an indirect role in the pathology. An alternative possibility is that apoE plays a direct neurotoxic role in the disease. In fact, some studies indicate that the E4 isoform of apoE has an inhibitory effect on neurite outgrowth, an effect that is mediated by the HSPG-LRP receptor complex (Nathan et al., 1994; Bellosta et al., 1995) and that may involve depolymerization of microtubules . It is not clear whether the inhibitory effect on neurite outgrowth reported for E4 in the presence of ␤-VLDL is related to neurotoxicity. However, recent work has shown that apoE can also exhibit neurotoxic effects in the absence of exogenous lipoproteins. Furthermore, the fact that apoE peptides and the N-terminal proteolytic fragment of apoE, which does not contain the lipidbinding domain, exhibit neurotoxic effects suggests that toxicity does not depend on lipoprotein interactions.
The presence of a 22 kDa apoE fragment in brain and CSF samples, as well as the strikingly higher toxicity of the 22 kDa thrombin cleavage fragment derived from apoE4 as compared with apoE3 (Marques et al., 1996) , has led to the suggestion that apoE plays a direct role in the pathogenesis of AD (Crutcher et al., 1994 Marques et al., 1996) . Although speculative, this hypothesis provides a novel approach to investigating the pathogenesis of the disease. Of particular interest is the fact that both LRP (Van Gool et al., 1993; Rebeck et al., 1995) and HSPGs (Snow et al., 1988 (Snow et al., , 1990 ) are localized to neuritic plaques. Thus, the critical players in this hypothetical scenario of AD pathogenesis, i.e., apoE, LRP, and HSPGs, are present in sites where extensive neurite degeneration occurs. Future studies will be needed to determine to what extent the neurotoxic effects of apoE-related molecules contribute to neurological disorders such as AD or other diseases in which apoE has been implicated.
Note added in proof. After submission of this paper an error was discovered in the calculation of the concentrations of the peptide E (144 -149) 2 used in this study. The actual concentrations of this peptide are 56% of the reported values. This correction does not in any way affect the results or conclusions of the study.
